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Available online 5 July 2016AbstractThis paper presents results of an experimental investigation of vortex-induced vibration (VIV) of a flexibly mounted and rigid cylinder with
two-degrees-of-freedom with respect to varying ratio of in-line natural frequency to cross-flow natural frequency, f*, at a fixed low mass ratio.
Combined in-line and cross-flow motion was observed in a sub-critical Reynolds number range. Three-dimensional displacement meter and
tension meter were used to measure dynamic responses of the model. To validate the results and the experiment system, x and y response
amplitudes and ratio of oscillation frequency to cross-flow natural frequency were compared with other experimental results. It has been found
that the higher harmonics, such as third and more vibration components, can occur on a certain part of steel catenary riser under a condition of
dual resonance mode. In the present work, however, due to the limitation of a size of circulating water channel, the whole test of a whole
configuration of the riser at an adequate scale for VIV phenomenon was not able to be conducted. Instead, we have modeled a rigid cylinder and
assumed that the cylinder is a part of steel catenary riser where the higher harmonic motions could occur. Through the experiment, we have
found that even though the cylinder was assumed to be rigid, the occurrence of the higher harmonic motions was observed in a small reduced
velocity (Vr) range, where the influence of the in-line response is relatively large. The transition of the vortex shedding mode from one to another
was examined by using time history of x and y directional displacement over all experimental cases. We also observed the influence of in-line
restoring force power spectral density with f*.
Copyright © 2016 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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long shape along the longitudinal direction. At the first stage
of riser design, efficiency and stability are the conflicting is-
sues. For example, as sites are getting deeper, a reliable
analysis method and design have become main concerns,
while engineers are trying to use minimum materials to* Corresponding author.
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ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).improve efficiency (Campbell, 1999; Blevins, 1990). Unfor-
tunately, there are still uncertain factors affecting the dynamic
responses of the riser. As such, these uncertainties should be
taken into account in a conservative structural design of risers
(Assi et al., 2012).
We are in agreement with the premise that one of the main
concerns in designing a riser is Vortex-Induced Vibration
(VIV) analysis. VIV causes permanent cyclic loading on
marine structures, especially risers, and leads to fatigue failure
on the risers even though the magnitude of forces is smaller
than that induced by waves (Lejlic, 2013). More specifically,
when the incident current flows to the riser, the fluid can flow
along the surface of the riser. Then, vortices are shed at both
sides of the riser, symmetrically or asymmetrically. Because of
this self-excited flow, the motion of the riser occurs and thehosting by Elsevier B.V. This is an open access article under the CC BY-NC-
Nomenclature
D Cylinder diameter
fnx In-line natural frequency in water
fny Cross-flow natural frequency in water
fox Stream-wise oscillation frequency
foy Cross-flow oscillation frequency
L Cylinder length
St Strouhal number
U Current velocity
n Kinematic viscosity of fluid
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Furthermore, if the oscillation frequency of the riser gets
closer to the natural frequency of the riser, the motion of the
riser resulting from the interaction between the fluid and the
riser will be amplified (Dahl, 2008). This effect in the VIV
problem is called ‘lock-in’. Many researchers have conducted
an experimental investigation of the VIV phenomenon, which
is an important issue in terms of designing risers, for many
years due to its nonlinearity including its ‘lock-in’ response.
An experimental study is the best way to analyze and
observe uncertainties on responses of a cylinder. A numerical
study is also an important method for understanding the re-
sponses of a riser. Sarpkaya (2004) reviewed numerical and
experimental studies on VIV of a circular cylinder conducted
by other researchers. Several researchers have reported the
results of VIV responses of a cylinder numerically based on
two-dimensional Reynolds-Averaged NaviereStokes equa-
tions. Zhao et al. (2013) have found a relation between cyl-
inder's motion and lock-in regime in a steady flow and an
oscillatory flow. Zhao et al. (2012) have proposed a mode-
averaging technique and observed a vortex shedding mode
transition from one to another mode in an oscillatory flow.
Furthermore, a numerical study of four cylinders' motion
induced by vortex has been investigated by Zhao and Cheng
(2012), and Han et al. (2015). Zhao and Cheng (2012) have
observed an influence of an approaching angle on the response
of the four-cylinder system numerically. On the other hand,
Han et al. (2015) have investigated responses of a square
configuration of 2-DOF four cylinders with respect to reduced
velocity and Reynolds number. They also have observed a
downstream cylinders' motion induced by the wake and their
wake patterns.
When it comes to the experimental study of VIV, many
studies have been carried out, but an examination of force due
to in-line response had been neglected, particularly in fatigue
damage analysis. For example, multiple researchers have
investigated 1-DOF VIV experiments which allow motion of
the cross-flow direction only. In order to get a more accurate
response of risers, however, all of the VIV components
including in-line response should be considered in designing
risers. Recently, some researchers performing VIV experi-
ments have reported that an in-line response is not small, and
thus should not be negligible (Jauvtis and Williamson, 2004;Marcollo et al., 2007; Swithenbank and Vandiver, 2007;
Baarholm et al., 2006). In addition, the influence of higher
harmonic components and interaction between in-line and
cross-flow response on designing risers are issues of interest
and have been reported by several researchers (Modarres-
Sadeghi et al., 2010; Song et al., 2010; Vandiver et al., 2006).
These results play the role of input data in fatigue damage
analysis. Although several institutes and classes have codes or
guidance for analysis of VIVon risers, they just define a theory
of VIV and provide a brief guide for analysis and designing
risers (DNV, 2010; API, 2005). As such, it is not sufficient to
use these to estimate the entire VIV responses. In essence, a
more accurate VIV investigation with variable parameters is
necessary. Vandiver et al. (2006) reported that the fatigue
damage induced by all VIV components including higher
harmonic components is much larger than the fatigue damage
considering cross-flow frequency component only.1.2. ObjectivesThe main goals of this VIV experiment are to measure and
analyze the in-line and cross-flow response amplitude, the
‘jump’ phenomenon, and the restoring force PSD with variable
f*. Above all, we have focused on the ‘jump’ phenomenon,
particularly the relation between the occurrence probability of
‘jump’ phenomenon and most influencing parameters such as
in-line to cross-flow natural frequency ratio, and damping
ratio. The influence of in-line restoring force on restoring force
of the cylinder is emphasized in this paper.
Most VIV experiments have been carried out with variable
mass ratio and damping ratio (Stappenbelt et al., 2007; Blevins
and Coughran, 2009; Assi et al., 2009; Srinil et al., 2013). As
mentioned above, the in-line response is not a negligible
factor, and it has a significant influence on the VIV phenom-
enon. In an attempt to understand the interaction between in-
line and cross-flow response, the 2-DOF VIV experiments
have been carried out with a flexibly mounted and rigid cir-
cular cylinder. In this respect, we set the datasets based on in-
line to cross-flow natural frequency ratio f*, mass ratio, and
damping ratio. Which are defined as,
m* ¼ 4m
rpD2L
ð1Þ
where m is cylinder dry mass and r is fluid density.
z¼ c=2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðmþmaÞk
p
ð2Þ
where c is a system damping, 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃðmþ maÞkp is critical
damping in calm water, and ma is added mass in calm water.
The other relevant nominal non-dimensional parameters are
defined in Table 1.
2. Experimental set-up
Experiments have been carried out in the Circulating Water
Channel (CWC) at the Korea Maritime & Ocean University,
Table 1
Non-dimensional parameters.
L/D Aspect ratio
Ax RMS/D In-line amplitude ratio
Ay RMS/D Cross-flow amplitude ratio
Vr ¼ UfnD Reduced velocity
f*¼fnx/fny Natural frequency ratio (in water)
Re ¼ UD
n
Reynolds number
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channel are 1.8 m wide and 4.0 m long. To measure the current
velocity and its uniformity, current measurement was carried
out using Pitot tubes. As a result, we have found that uniform
flow up to 1.0 m/s is provided throughout the open test section.
The experimental setup was based on experiments carried out
in Kelvin Hydrodynamics Laboratory (KHL) of University of
Strathclyde (UK), and thus, we used a circular cylinder
(length ¼ 0.75 m diameter ¼ 0.075 m), guide frame and a 2-
m aluminum pendulum. Guide frame and pendulum are con-
nected by a universal joint which allows the motion of the
cylinder in the x (in-line) and y (cross-flow) direction, as
shown in Fig. 1.
Since the aspect ratio of length to diameter is 10, which is
quite small, the test cylinder is assumed to be rigid. The
cylinder is fully submerged in the water to reduce the free
surface effect. The bottom end of the cylinder is located at
0.05 m above the bottom of the tank and another end of the
cylinder is located 0.12 m below the calm water surface. Two
pairs of tension coil springs are attached to the aluminum
pendulum, providing stiffness as a part of the cylinder sys-
tem. As the current speed increases, the inclination of theFig. 1. Schematic view of the experimental apparatus.cylinder in the flow direction occurs, which inevitably has an
influence on the VIV responses of the cylinder. This means
that mean drag force would be different at each current ve-
locity. Since what we focused on was fluctuating in-line and
cross-flow restoring force responses on the cylinder, adjust-
ing the length of the wire in an in-line direction to maintain a
mean position of the cylinder was necessary. As a result, a
pre-tension of the in-line pair of springs was adjusted prior to
initiating every case.
The VIV responses were measured in sub-critical Reynolds
number range between 4.8  103 and 5.8  104 which covers
the whole Re number ranges for all experimental cases. Three-
dimensional displacement meters were used to measure the
cylinder motions for both x and y motion independently. Three
reflective marker tapes at intervals of 0.1 m were attached to
the center of the circular cylinder and five cameras were used
to record the x and y coordinates of marker tapes at every
20.0 Hz.
The experiments were performed with different datasets in
terms of the magnitudes of stiffness in the condition of
f* z 1.0 and in-lines to cross-flow natural frequency ratios
(f* z 1.0, 1.8 and 2.0). In practice, a long slender structure,
particularly a riser, has multiple excitation modes, which
means that a riser has multiple natural frequencies in terms of
excitation modes and can be exposed to resonance condition.
So, conducting a VIV test with variable f* is valid and prac-
tical. Experimental cases with different natural frequency ra-
tios and Re number ranges for each case are summarized in
Tables 2 and 3 respectively.
To investigate the influence of the in-line response on the
motion of the cylinder, restoring force time histories were
transformed into force PSD in the frequency domain.
3. Dynamics of a rigid circular cylinder
In this experiment, the equations of motion of the rigid
circular cylinder can be expressed as follows:
ðmþmaÞ€yþ c _yþ ky¼ FH ð3Þ
where y, _y and €y correspond to the displacement, velocity and
acceleration of the cylinder, respectively. FH is the totalTable 2
Experimental datasets.
f*(fnx/fny) Cross-flow fn (Hz) zx, zy (%) m*
Case 1-1 z1.0 0.289 4.6, 3.9 1.1
Case 1-2 0.373 4.3, 3.9
Case 1-3 0.423 4.1, 3.5
Case 1-4 0.524 3.4, 3.7
Case 1-5 0.675 3.1, 2.8
Case 2-1 z1.8 0.289 3.4, 3.9
Case 2-2 0.373 2.9, 3.9
Case 2-3 0.423 2.4, 3.5
Case 3-1 z2.0 0.289 3.1, 3.9
Case 3-2 0.373 2.7, 3.9
Case 3-3 0.423 2.2, 3.5
Table 3
Re number range for each experimental case.
Case Re number range
Case 1-1, 2-1, 3-1 4.8  103 ~ 2.8  104
Case 1-2, 2-2, 3-2 5.8  103 ~ 3.6  104
Case 1-3, 2-3, 3-3 6.9  103 ~ 4.1  104
Case 1-4 8.6  103 ~ 5.1  104
Case 1-5 10.3  103 ~ 5.8  104
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expressed as,
FH ¼ 1
2
rU2DL

Cþ bCsinð2pfotþfÞ ð4Þ
where fo is oscillation frequency of the cylinder and f is phase
delay between the force and the motion of the cylinder. C is a
mean component and bC is a fluctuating component (Assi et al.,
2010, 2014). In this paper, we only considered fluctuating
component bC and let C equal 0 in both x and y directions. In
detail, total hydrodynamic force can be expressed as the sum
of inertia force in ideal fluid and vortex-induced force in the
field of vorticity around the cylinder, as shown below:
FH ¼ FPotentialþFVortex ð5Þ
Considering total force as two parts is useful for the anal-
ysis of the cylinder's motion induced by the vortices in the
wake. Many experiments have shown that FVortex is closely
related to both the vortex mode transition and added mass
coefficient. The results of those correlations can be explained
as the results of the change in the phase between excitation
force and the cylinder's motion (Larsen, 2010; Vikestad et al.,
2000; Dahl et al., 2010).
The motion of cylinder by VIV resulting from the inter-
action between fluid and structure can be influenced by
several factors. There are structural stiffness and damping of
the connected system, the ratio of cylinder mass to displaced
fluid mass, added mass effect, oscillation frequency to nat-
ural frequency ratio fo/fn, and Reynolds number (Govardhan
and Williamson, 2006). All these factors are considered in
this VIV experimental study. In addition, the end effect is the
one that we should pay attention. As mentioned before, we
have modeled a flexibly mounted and rigid cylinder which
has a circular tip surface. Therefore, at the bottom of a
cylinder, an interference of a fluid flow on the cylinder called
“end effect” is inevitable. Some researchers have used an
endplate to reduce the end effect. Morse et al. (2008) have
researched on the end effect on the VIV of cylinders with
attached & unattached endplates and free end condition. The
experimental setting was with an aspect ratio of L/D ¼ 8 and
Reynolds number range between 5.0  103 and 1.6  104
while this study's experimental setting is with L/D ¼ 10 and
Reynolds number range between 4.8  103 and 5.8  104
which means two experimental setting are quite similar in an
engineering sense. Morse et al. (2008) have revealed that the
existence of endplate reduces response amplitudes andexcitation forces induced by vortex. However, magnitudes of
peak response amplitude resulting from the case of an
attached endplate and free end showed not a big difference.
Since this research have focused on the significant response
amplitudes and restoring forces, we assumed that the end
effect is negligible.
To satisfy all experimental cases pertaining to f*, we
switched a pair of coil springs into other pairs of coil springs.
By doing this, f* can be changed independently, and fulfilled
the requirement over all datasets. In addition, normalized
damping ratio z was estimated by conducting a free decay test
in calm water, and then the natural frequency considering
hydrodynamic damping was identified. Calculation of damp-
ing ratio z from the free decay test is defined as follows
(Blevins, 1990):
2pz¼ ln

YN
YNþ1

ð6Þ
where YN and YNþ1 are first and second response amplitudes of
a cylinder while free decay test.
The added mass is clearly related not only to the radiation
term of the cylinder but also to the component of the vortex-
induced force in total hydrodynamic force. Its coefficient
related to the vortex induced force is in-phase with the vortex
component of the hydrodynamic force. In order to get the
added mass coefficients, the phase between the hydrodynamic
excitation force and the motion of the cylinder should be
identified. Since a different phase between the motion of the
cylinder and hydrodynamic force can be observed in the
overall Vr range, the added mass coefficient will exhibit a wide
variation with Vr (Larsen, 2010). In other words, the natural
frequency in both in-line and cross-flow direction is found to
have a different value over the full Vr range. The in-line and
cross-flow natural frequency considering reduced velocity-
dependent added mass is referred to as ‘true natural fre-
quency ( fnTrue)’, which is a function of Vr and can be defined
as follows (Gabbai and Benaroya, 2005):
fnTrueðVrÞ ¼ 1
2p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k
mþ rVcylinderCaðVrÞ
s
ð7Þ
where Vcylinder is a volume of cylinder and Ca is an added mass
coefficient.
Fig. 2 shows the vortex-related added mass coefficient
and oscillation frequency to a natural frequency ratio of the
cylinder as a function of Vr. It is noted that in Fig. 2(a), Ca
is decreasing as Vr is increasing, which is a common phe-
nomenon of frequency dependent radiation problem in a
floating body's dynamics. In Fig. 2(b), a comparison be-
tween ‘true natural frequency’ measured under various
uniform flow velocities that contain added mass of shed
vortex, fnTrue, and ‘natural frequency’ measured under still
water condition, fn, was made by Vikestad et al. (2000). It is
obvious that ‘true natural frequency’ needs to be considered
to understand the actual behavior of the cylinder, including
added mass of shed vortex. However, in order to compare
Fig. 2. Added mass coefficient and oscillation frequency of cylinder (a) Added
mass coefficient with respect to Vr (b) Ratios of oscillation frequency to both
‘natural frequency’ and ‘true natural frequency’ (Vikestad et al., 2000).
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such as f*, damping ratios, and mass ratios, Vr which is a
function of ‘natural frequency’ needs to be considered rather
than ‘true natural frequency’. Therefore, added mass of shed
vortex was ignored in this study to enable consistent
comparisons.
4. Experimental results4.1. Cases for model testFrom Table 2, experimental datasets can be divided into 3
parts in terms of in-line to cross-flow natural frequency ratio
f*. By changing the stiffness of the in-line direction coil
spring, f* can be adjusted to f*z 1, 1.8 and 2.0. Increasing f*
closer to 2.0 means that the possibility of the occurrence of
resonance in both in-line and cross-flow direction and the
occurrence of higher harmonic components becomes higher.
In this study, we observed the cylinder's response with variable
f* in order to find the cylinder's motion and restoring force.
And each f* experimental case can be subdivided into several
cases with respect to variable damping ratio, as shown in Table
2. Mass ratio m* is fixed at near 1.0 in this study in order tominimize the influence of buoyancy as well as gravitational
force acting on the cylinder.4.2. Amplitude results with f* z 1.0Fig. 3 gives response amplitude results of the 2-DOF VIV
experiment in terms of in-line and cross-flow directions. Three
cases at the same Vr may have different Re because, in order to
have the same f* z 1.0, stiffness in in-line and cross-flow
direction must have the same ratio, not the same value.
Jauvtis and Williamson (2004) have defined response
amplitude branches with respect to the vortex shedding modes
and found new response amplitude branch which is called
‘super upper branch (SU)’ in 2-DOF VIV experiment under
the condition of the low mass ratio (m* ¼ 6). A response
amplitude result consists of several branches: SS, AS, initial
branch (I), super upper branch (SU), and lower branch (L). SS
and AS mode correspond to stream-wise symmetric and
asymmetric vortex shedding mode. 2S mode corresponding to
two single vortices per one cycle represents initial branch (I)
and 2P mode corresponding to two vortex pairs per one cycle
represents lower branch (L). The response amplitude result
with low mass ratio shows that a much higher branch than
‘initial’ branch (I) branch defined as a ‘super-upper’ can occur
(Williamson and Roshko, 1988).
In the case of fixed low m* ¼ 1.1 and f* z 1.0 with 2-
DOF, a ‘super-upper’ branch which is remarkably higher
than an ‘upper’ branch was observed. x and y response
amplitude was represented with the Root Mean Squares
(RMS) value from 5 to 10-min model testing. The maximum
responses at the ‘super-upper’ branch in in-line and cross-flow
were Ax RMS/D ¼ 0.42 and Ay RMS/D ¼ 1.3, respectively, in
Fig. 3. As the damping ratio gets lower, magnitudes of Ax RMS/
D were found to be higher. In Fig. 3(b), however, it is seen that
in the region where all cases' foy/fn are about 1
(6.0 < Vr < 9.0), Ay RMS/D had no distinction with respect to
variable damping ratio. The occurrence of resonance corre-
sponding to foy/fn ¼ 1 may have an influence on there being no
disparity of response with the variable damping ratio.
In the in-line motion response with the low mass ratio, the
amplitude at ‘super-upper’ branch is obviously higher than the
amplitude of AS and SS mode (Jauvtis and Williamson, 2004).
In the present work, only SS mode was observed at Vr ¼ 3 and
the trajectory of the cylinder shows a straight line, as shown in
case 1-1 in Fig. 13.
To validate the results of cylinder's response with f*z 1.0,
comparisons between the results of the present work and other
experiments conducted in the Kelvin Hydrodynamics Labo-
ratory (KHL) of University of Strathclyde (UK) were made
pertaining to cross-flow and in-line response amplitudes in
Fig. 4. Experimental datasets are different in terms of m* and
z, as shown in Table 4.
Comparable results with respect to A/D and fo/fn were
observed in Fig. 4. Both KMOU and KHL have a similar
qualitative and quantitative trends of response amplitude in the
range of Vr < 10.0 while the results of response amplitude by
Stappenbelt et al. (2007) were found to have an only
Fig. 3. Comparisons of in-line and cross-flow response amplitude with variable damping ratio ( f* z 1.0).
Fig. 4. Response amplitude results of KMOU, KHL, and Stappenbelt et al. (2007).
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Fig. 5. Comparisons of in-line and cross-flow response amplitude with variable damping ratio ( f* z 1.8).
Fig. 6. Comparisons of in-line and cross-flow response amplitude with variable damping ratio z( f* z 2.0).
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Fig. 7. Comparisons of in-line and cross-flow response amplitude with variable f*.
Fig. 8. Plotting the cross-flow response amplitude result of case 1-1 in an
amplitude-wavelength plane (Williamson and Roshko, 1988).
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KHL. It is noticed that the reasons for such difference in
response amplitude results of Stappenbelt et al. (2007) are the
relatively low damping ratio (z ¼ 0.6), and the high mass ratio
(m* ¼ 2.36) compared to those of KMOU and KHL as shown
in Table 4. The maximum value of Ax RMS/D and Ay RMS/D
were about 1.6, and 0.24 for Stappenbelt et al. (2007). In both
result of KMOU and KHL, the maximum Ax RMS/D and Ay
RMS/D were about 0.3e0.4 and 1.0e1.2, respectively. In
addition, evidence of the occurrence of the symmetric vortex
shedding mode was observed at Vrz 3.0 in both experiments.As shown in Fig. 4(a), the local peak point near Vr ¼ 3.0 in the
in-line response can be interpreted as mode transition from
symmetric to asymmetric mode. In the KMOU result, at
Vr ¼ 12.0 where the maximum response was measured, we
clearly observed an abrupt change in amplitude and two
distinctive response amplitudes were plotted. More details
about the abrupt change in response amplitude will be
explained in a section ‘mode transition of the cylinder's
response’.4.3. Amplitude results with f* z 1.8 and 2.0As mentioned above, the riser, which has multiple excita-
tion frequencies, can be in resonance condition in both in-line
and cross-flow direction, and this is called ‘dual resonance.’
This could have different influences on the cylinder's response
compared to the case of f*z 1.0. In order to identify some of
the features of ‘dual resonance’ responses, we performed an
experiment with f*z 1.8 and 2.0. In-line to cross-flow natural
frequency ratio f* was obtained by changing the stiffness of
the coil springs attached to the cylinder.
The in-line response's influence on the oscillating cylinder
has been emphasized and investigated by Jauvtis and
Williamson (2004) and by Dahl et al. (2010). Transverse
response with the 2-DOF VIV experiment can be significantly
different from those of the 1-DOF VIV experiment. Consistent
with previous VIV studies, noticeable results in comparison
with the case of f*z 1.0 were observed. From Figs. 5 and 6,
Fig. 9. In-line and cross-flow displacement time history with increasing Vr.
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shows that dual resonance responses at both in-line and cross-
flow directions were observed in a range of 3.0 < Vr < 6.0. It is
seen that in f*z 1.8 and 2.0 cases, as shown in Figs. 5 and 6,
respectively, foy/fn and fox/fn were clearly flat-shaped, which
corresponds to the occurrence of resonance in a range of3.0 < Vr < 6.0, while it wasn't observed in the case of f*z 1.0
in Fig. 3. Over a whole Vr range, compared to the f* z 1.0
case as shown in Fig. 3(a), AxRMS/D were found to have no
distinction with respect to decreasing damping ratio. Further-
more, in the Vr < 7.0 range, AyRMS/D was larger than the
response amplitudes measured in the case of f* z 1.0, as
Fig. 10. A trajectory of the cylinder at Vr ¼ 12.7 where the ‘jump’ phe-
nomenon was occurred; intersection of red dashed lines is mean position of
Fig. 8.
339S.-W. Kim et al. / International Journal of Naval Architecture and Ocean Engineering 8 (2016) 330e343shown in Fig. 7(b). Those results seem to indicate that the
occurrence of an in-line directional resonance may affect the
cylinder's response.
In the case of f* z 2.0, the most interesting thing
compared with the case of f*z 1.8 was that there are drastic
increases in cross-flow response at Vrz 4.0 and a slight local
decrease at the same Vr in the in-line response result. The
abrupt increase of the cross-flow amplitude might be
responsible for the occurrence of a local decrease of AxRMS/D
due to the interaction between in-line and cross-flow
responses.4.4. Mode transition of the cylinder's responseUnder the condition of the natural frequency ratio f*z 1.0
in Fig. 3, the most interesting phenomenon was the ‘jump’Fig. 11. In-line and cross-flow displacementphenomenon which was observed near the region where the
maximum amplitude occurred over a range of about
11.6 < Vr < 13.0. The occurrence of a ‘jump’ phenomenon
such as hysteresis and intermittent switching are related with
an abrupt change in vortex shedding mode from one to another
mode. It is seen that large response, as well as small response
amplitudes, were observed at the same Vr in the case of
f*z 1.0. Interestingly, in Fig. 8, the ‘jump’ phenomenon re-
gion corresponded to the boundary region of 2Pþ2S mode in
an amplitude-wavelength plane which has been presented by
Williamson and Roshko (1988).
The major mechanism related to mode transition is the
acceleration and deceleration of the cylinder along its trajec-
tory in a flow. Williamson and Roshko (1988) found that the
vortex dynamics, which correspond to the sharp changes in the
phase of lift force with respect to the transverse motion, have a
relation with mode transition. The process of vortex pairing
plays an important role in the change of the phase of the lift
force and contributes to an abrupt change in the timing of the
vortex shedding. Williamson and Govardhan (2004) also have
mentioned that when an abrupt change in vortex shedding
mode occur, change in phase between cross-flow force and
amplitude would occur at the same time. Deducing vortex
formation or vorticity field behind the cylinder over a jump
region using Particle Image Velocimetry (PIV) is a clear
reason to explain a change in the vortex shedding mode.
Instead of using PIV technique, we have analyzed x and y
motion time history from the present experiment to find the
evidence of the mode transition.
In the ‘jump’ regime, it was found to have a spontaneous
change in amplitude in both x and y displacement time history
in Fig. 9. This spontaneous change was observed markedly in
x displacement time history in all f*z 1.0 cases. The x and y
displacement time history in Fig. 9(b) and (e) can be inter-
preted as the start and the end of mode transition. Thereafter,time history with Vr from 11.6 to 14.5.
Fig. 12. In-line and cross-flow displacement time history with Vr from 11.6 to 14.5.
Fig. 13. xey trajectories of the cylinder with variable f*; case 1-1 ( f*z 1.0), case 2-1 ( f*z 1.8) and case 3-1 ( f*z 2.0). In case 1-1, red-colored trajectories
represent a start and an end of the jump regime. Blue-colored trajectory represents the trajectory in a middle of the jump regime.
Table 4
KMOU and KHL experimental datasets.
m* dx, dy (%) fnx, fny (Hz) f
*
KMOU (Case 1-1) 1.1 4.6, 3.9 0.289, 0.292 z1
KHL 1.4 4.7, 1.6 0.312, 0.316
Stappenbelt et al. (2007) 2.36 0.6 1.711, 1.711
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converges toward small amplitude. In addition, two distinctive
motions had different centers along the in-line direction.
Fig. 10 presents the trajectory of Fig. 9(d), and it seems
sometimes that the trajectory has shifted from the center to
upstream.From Figs. 11 and 12, with all f*z 1.8 and 2.0 cases, it is
seen that there is no obvious jump phenomenon of displace-
ment compared to the case of f* z 1.0 in Fig. 9. In other
words, as f* increased up to 2.0, the ‘jump’ phenomenon
gradually disappeared. Based on this result, it is obvious that
the natural frequency ratio and ‘jump’ phenomenon are
strongly co-related.4.5. Trajectory and restoring force PSD Power Spectral
Density (PSD)From the results of response amplitude of case 1-1, 2-1 and
3-1, it was seen that the magnitudes of response amplitudes
seemed to be widely distributed with respect to Vr as f*
341S.-W. Kim et al. / International Journal of Naval Architecture and Ocean Engineering 8 (2016) 330e343increases, as shown in Fig. 7. The riser installed in any site
may not have an axisymmetric configuration along water
depth like Steel Catenary Riser (SCR). This configuration may
give a riser a different restoring force in the in-line and cross-
flow directions. In this study, because a limited length of the
cylinder is adopted, different stiffness using different springs
for each in-line and cross-flow directions is applied to the
cylinder system to simulate different restoring forces of a riser.
Based on this fact, in view of mechanical support and design
of the riser, we have measured cylinder's orbital trajectory, the
restoring force (F ¼ kx) and its PSD and for the cases of
f* z 1.0, 1.8 and 2.0.
In Fig. 13, no conspicuous difference between the trajec-
tory of case 2-1 and case 3-1 can be found in terms of the
motion's magnitude. Depending on f* which results in the
phase differences between in-line and cross-flow motions, it is
shown that the shape of trajectories and tips pointing di-
rections are different. From the result of case 1-1, it was found
that all tips of trajectories pointed to downstream. Further-
more, the magnitude of the shapes was larger than case 2-1
and 3-1 in a range of 7.0 < Vr < 12.0. From cases 2-1 and 3-1,
when Vr is larger than 11.0, tips pointing changed from up-
stream to downstream.
Higher harmonic components having a relation with the
vortex-induced force which can be expressed by total hydro-
dynamic force minus inertia force (Assi et al., 2010) can appear
under the dual resonance condition as in the case of f*z 2.0. As
mentioned above, focusing on the restoring force of the cylin-
der, only the total hydrodynamic force was considered in
calculating restoring force PSD. This means that we did not
subtract the inertia force from the total hydrodynamic force.
From the restoring force PSD in Fig. 14(a), it was found
that the cross-flow forces were dominant for the case of
f*z 1.0 and the influence of the in-line force has a tendency
to increase with increasing natural frequency ratio f*. Dahl
(2008) reported that the occurrence of higher harmonic com-
ponents in the cross-flow response can be observed when the
in-line response amplitude is relatively larger than cross-flowFig. 14. Restoring force PSD; graphs without fill denotes cross-flresponse amplitude. When Vr is low, since the inertia
component may have a minor influence on the total force
compared to high Vr range, we observed higher harmonic
components in the cross-flow restoring force PSD over the
range of 2.0 < Vr < 4.0. Fig. 15 presents the cross-flow
restoring force PSD of cases 2-2 and 3-2. Higher harmonic
components were observed at both two times cross-flow nat-
ural frequency, fny, and three and a half times fny in Fig. 15. In
Figs. 5, 6 and 15, it was also found that the higher harmonic
components in the cross-flow restoring force disappeared near
Vr ¼ 4.0 where the influence of the cross-flow response
amplitude increases abruptly.
5. Conclusions
When it comes to VIVand fatigue damage of a cylinder, the
influence of in-line responses on VIV response of a cylinder
would be more significant than that of cross-flow responses in
a certain condition. In this respect, we have observed the in-
line responses quantitatively.
A cylinder can have a resonance condition in both in-line
and cross-flow direction. Responses due to the dual reso-
nance ( f* z 2.0) can also be significantly different from the
case of f*z 1.0. The case of f*z 1.8 and 2.0 showed that the
in-line response amplitudes compared to the cross-flow
response amplitudes had no obvious disparity of response
amplitude in terms of variable damping ratio under the dual
resonance condition in the range of 2.0 < Vr < 6.0. The same
trend was also observed in the cross-flow response amplitude
under a single resonance condition ( f*z 1.0) over a range of
6.0 < Vr < 9.0. The characteristic of no disparity can be
interpreted as a result of resonance and of the interaction be-
tween in-line and cross-flow responses. In addition, as f* ap-
proaches 2.0, the slope of the ‘super-upper’ branch gets
steeper and its magnitude of response amplitude was bigger.
Compared to the case of f* z 1.0, peak response amplitude
was small in f*z 2.0 case and standard deviation of response
amplitude was lower than that of f* z 1.0 case.ow components; graphs with fill denotes in-line components.
Fig. 15. Cross-flow restoring force PSD; red dashed line represents the cross-flow oscillation frequency of the cylinder.
342 S.-W. Kim et al. / International Journal of Naval Architecture and Ocean Engineering 8 (2016) 330e343In the condition of f* z 1.0, a ‘Jump’ phenomenon
occurred near the boundary of 2Pþ2S mode as shown in
Fig. 8. This phenomenon is closely related to the process of
the vortex pairing (mode transition). The present work pro-
vides evidence of the mode transition with x and y displace-
ment time history. The time history shows that as Vr increases,
even when the Vr increase was minor, an abrupt change in the
response amplitudes from the large amplitude to the small
amplitude occurred and converged towards the small ampli-
tude at the end of the mode transition. The relation between f*
and ‘jump’ phenomenon showed that as f* approaches 2.0, the
‘jump’ phenomenon steadily decreased. It seems that f* may
have an influence on the ‘jump’ phenomenon.
To analyze the influence of the restoring force in both in-
line and cross-flow direction, restoring force PSD was pre-
sented with respect to f*. As natural frequency ratio is close to
2.0, the influence of the in-line restoring force become
increasingly high compared to cross-flow restoring force. In
the Vr range from 2.0 to 4.0 where the inertia force was weak
and the in-line motion was relatively large, higher harmonic
components were observed.From the rigid cylinder's 2-DOF VIV experiment, the in-
line component could be crucial under certain circum-
stances, so that the interaction between in-line and cross-flow
has a significant influence on the cylinder's response. This
emphasizes that in-line response needs to be considered in the
design of cylindrical surface-piercing structures, such as pro-
duction risers of an offshore plant.
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